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We point out the possibility to test the simplest scalar dark matter model at gamma-ray tele¬ 
scopes. We discuss the relevant constraints and show the predictions for direct detection, gamma 
line searches and LHC searches. Since the final state radiation processes are suppressed by small 
Yukawa couplings one could observe the gamma lines from dark matter annihilation. 


INTRODUCTION SCALAR SINGLET DARK MATTER 


The possibility to describe the properties of the dark 
matter (DM) in the Universe using a particle in models 
for physics beyond the Standard Model (SM) of particle 
physics has called the full attention of the high-energy 
physics community. Currently, we know basically noth¬ 
ing about the dark matter in the Universe apart from 
that the DM relic density should be = 0.12. We 

have, however, a series of important constraints coming 
from many types of experiments. Direct detection ex¬ 
periments constrain the interactions with the Standard 
Model fermions. One important “smoking gun” for any 
dark matter model would be the existence of at least one 
gamma line from dark matter annihilation which can be 
used to predict the dark matter mass. 

The testability of a dark matter model is a complex 
task. In this Letter we revisit the simplest scalar dark 
matter model [1] where the Standard Model is extended 
by a real scalar held. In this dark matter model, one can 
relate the predictions for direct and indirect experiments 
once we use the relic density constraints. Therefore, one 
can hope to test this model at different experiments. See 
Refs. [2-18] for previous studies of this model. 

In this Letter we investigate the annihilation into 
gamma rays in the scalar singlet model, and our main aim 
is to investigate the visibility of the gamma lines. In this 
model one can have only two gamma lines coming from 
the annihilation into two photons and into Zy. In this 
context the dark matter annihilation into two Standard 
Model fermions and a photon is suppressed by the small 
bottom Yukawa coupling. This is the so-called hnal state 
radiation channel which typically spoils the visibility of 
the gamma line. Since these processes are suppressed one 
can hope to observe clearly the gamma lines at gamma 
ray telescopes such as Fermi-LAT. 

Our main result is that in the simplest scalar dark 
matter model one can observe the gamma lines when one 
has a good energy resolution. This is a striking result 
which has been overlooked in past studies and is crucial 
to test this model at gamma ray experiments. 


In the simplest scalar dark matter model [1] the Stan¬ 
dard Model is extended by one real scalar singlet S, and 
the relevant part of the Lagrangian reads as 

- £ D -b AsS"‘+ (1) 

where H is the SM Higgs. After electroweak symmetry 
breaking the mass of the scalar dark matter is given by 
Mg = m| -b XpVQ, where vg = 246 GeV is the SM Higgs 
vacuum expectation value. In order to guarantee the 
dark matter stability a discrete 2^2 symmetry is imposed 
under which only S is odd, i.e., S —^ —S. 

This model has only one extra degree of freedom and 
only two parameters, the portal coupling Ap and the 
physical dark matter mass Mg. The quartic coupling 
As does not play any role in DM phenomenology. There¬ 
fore, using the bounds from relic density, direct detection 
and indirect detection one can show in a simple way the 
allowed parameter space in agreement with all experi¬ 
ments. See Refs. [2-18] for the study of phenomenological 
and cosmological aspects of this model. 

To discuss the testability of this model, we focus on the 
low mass region (Mg < Mh/2) where one could hope to 
test the model at the LHC or at future colliders through 
the invisible SM Higgs decay. For Mg > Mh/2, it is very 
challenging to test this model at colliders; see Ref. [19] 
for a recent discussion. 

In this low mass region, the main annihilation channels 
of S are into two SM fermions /, for which the cross 
section is given by 

XlM/is - AM'if/'^ 

a(SS -7 //) = 2^^^^ _ ^^j2 [(, _ ^2)2 + Mlrl] ■ 

( 2 ) 

Below threshold, the total decay width of the SM Higgs 
includes the invisible decay to S, 

Th = rf^+ r(h ^ ss), (3) 

where 

r(h^SS) = ^^(Mi-AMl)^/^. (4) 
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Figure 1. Allowed parameter space in the Ms-Xp plane. The 
black line corresponds to values in agreement with the full 
relic density today, = 0.1199 ± 0.0027 [20], and the 

gray area is robustly excluded by a too large DM relic density. 
The green area is ruled out by the invisible decay of the SM 
Higgs, BR(/i SS) < 58% [21]. The lines in red correspond 
to the values in disagreement with the LUX results [22] . 


Figure 2. Spin-independent nucleon-DM cross section as a 
function of the dark matter mass Ms assuming that S makes 
up the full DM relic density. The LUX [22] (blue dashed) 
and projected XENONIT [23] (green dotted) bounds cut into 
the parameter space. The red part of the curve is excluded 
by bb limits from Fermi-LAT [24], see also Fig. 3. We show 
the neutrino coherent scattering background (orange dash- 
dotted) [25] . 


Fig. 1 shows the parameter space allowed by all rele¬ 
vant constraints. The black line corresponds to the val¬ 
ues in agreement with the full relic density, = 

0.1199 ± 0.0027 [20[. The gray area is ruled out since in 
this part of the parameter space one overdoses the Uni¬ 
verse. The green area is ruled out by the invisible decay 
of the SM Higgs imposing that T{h — SS) < 58% [21[. 
The lines in red correspond to the values in disagreement 
with the LUX direct detection experiment, see below for 
more details.^ Therefore, the only allowed values for the 
mass Ms and the coupling Ap are defined by the black 
line except for the red parts. These results are in agree¬ 
ment with the results presented in Ref. [12] . 

Using the allowed values for Ms and Ap by relic den¬ 
sity, we show in Fig. 2 the predicted values for the spin- 
independent nucleon-DM cross section which is given by 


~ ttM^MJ ’ 


( 5 ) 


where /i = m^Ms/+ Ms). Here mjv is the nucleon 
mass and Jn = 0.3 is the matrix element [12[. The blue 
dashed line corresponds to the current LUX upper bound 
on the cross section [22], and the projected XENONIT 
bound [23] is represented by the green dotted line. 


^ Notice that the bound on the direct detection cross section as¬ 
sumes that the DM candidate under consideration makes up the 
full DM relic density. 
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Figure 3. Velocity-averaged cross sections times velocity for 
the annihilation into bb (blue solid) and 77 (red dashed), 
and the corresponding upper bounds from Fermi-LAT [24, 26] 
(green and black dotted). 


Knowing the results from the relic density and the 
constraints from direct detection experiments we are 
ready to study the predictions for indirect detection. 
In Fig. 3 we show the predictions for the annihilation 
into bb (blue solid curve) as well as the current cor¬ 
responding bound from Fermi-LAT [24] (green dotted 
curve). Notice that the Fermi-LAT 6&-limit rules out the 
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Figure 4. Spectrum of the gamma line from SS 77 for 1% 
(green solid), 5% (red dashed), and 10% (blue dotted) energy 
resolution. We use Ms = 62.5 GeV and Ap = 9.1 x 10“®, in 
agreement with today’s relic density. For these values of the 
parameters, the Z 7 line is at x-y = 0.47. For the plot, the J- 
factor for the R3 region-of-interest is used, given by the Fermi- 
LAT collaboration to be Jann = 13.9 x 10^^ GeV^cm”® [27]. 


Figure 5. Invisible branching ratio, BR(/i —>■ SS), as a func¬ 
tion of Ms- The blue dashed line corresponds to the CMS 
upper limit [21]. The blue solid part of the curve is excluded 
by the LUX experiment [22] . The red line shows the ex¬ 
clusion potential of XENONIT [23] . The limit on bb from 
Fermi-LAT [24] (green dot) constrains the region around the 
resonance and sets a lower limit in the invisible branching 
ratio. 


region for Ms > 62.8 GeV. Therefore, only the range 
53 GeV < Ms < 62.8 GeV is allowed by the relic density, 
direct detection and bb constraints. This information is 
crucial to understand the predictions for the annihilation 
into gamma rays in this model, which we study in detail 
in the next section. 


GAMMA LINES 

In this model one can have two possible gamma lines 
from dark matter annihilation, 

SS —>■ 77 , Z'y. 

In order to investigate the visibility of these gamma lines 
one has to understand the correlation between the pre¬ 
dictions for final state radiation and the annihilation 
into gamma lines. The final state radiation in the low 
mass window is suppressed by the small Yukawa coupling 
of the bottom quark, which is the dominant contribu¬ 
tion. To the annihilation into gamma lines, however, all 
charged SM fields contribute. Therefore, one can observe 
easily the 77 line in this scenario. 

In Fig. 3 we show the velocity-averaged cross section 
times velocity for the dark matter annihilation into two 
gammas, and corresponding limit from Fermi-LAT [26]. 
The Zj line is at E.y « 29.2 GeV when Ms = 62.5 GeV 
(the benchmark scenario we use later), and is therefore 


more difficult to observe due to secondary photons from 
pion decays. However, the visibility of the 77 line is un¬ 
obstructed. As in the case of the annihilation into bb, 
the region above 62.8 GeV is ruled out. Notice that the 
region around the resonance cannot be tested in direct 
searches but can be tested in indirect detection exper¬ 
iments. This means that the complementarity of these 
experiments is crucial to test or rule out this model. 

In Fig. 4 we show the predictions for the final state 
radiation and the gamma line assuming a Gaussian dis¬ 
tribution for the detector resolution, for 1 % (green solid), 
5% (red dashed), and 10% (blue dotted) energy resolu¬ 
tion. We use the benchmark scenario Ms = 62.5 GeV 
and Ap = 9.1 x 10“®, in agreement with today’s relic 
density. Notice that for an energy resolution of 1% one 
can have a gamma line two orders of magnitude stronger 
than the final state radiation. Therefore, the gamma line 
can be easily observed in this model. 

One important comment on gamma line visibility 
is that beyond the W'^W~ mass threshold the final 
state radiation from the IF-bosons is no longer sup¬ 
pressed. The corresponding energy endpoint is at 
^max _ This leads to the conclu¬ 

sion that with an energy resolution between 5% and 10% 
one can only observe a line if Ms < 250 GeV. Otherwise 
the line is smeared into the final state radiation from the 
LF-bosons. This region will be investigated in a future 
publication. 

Finally, using all the constraints from relic density, di- 
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rect detection and indirect detection we show in Fig. 5 
the predicted branching ratio for the invisible decay of 
the Standard Model Higgs. In blue we show the cur¬ 
rent LHC bound from CMS [21]. Notice that the direct 
detection bound from LUX rules out the region where 
BR(/i — SS) > 10“^. This means that if the invisible 
decay width of the Higgs is large this model can be ruled 
out. Notice that there is a chance to test this model at 
LHC or future colliders if the invisible decay is not too 
small. 


SUMMARY 

We have revisited the simplest model for scalar dark 
matter discussing all constraints coming from relic den¬ 
sity, direct and indirect detection experiments, and the 
LHC. We have showed the allowed parameter space and 
discussed the possibilities to test this simple model, em¬ 
phasizing the complementarity of all dark matter exper¬ 
iments. Additionally, we discussed the predictions for 
the annihilation into gamma rays in agreement with all 
constraints. 

For the first time we demonstrated that the gamma 
line can actually be observed in this model. This is due 
to the fact that the final state radiation cross section is 
suppressed by the small bottom Yukawa coupling. There¬ 
fore, if the low mass version of this model is realized in 
nature one can clearly observe a gamma line in near fu¬ 
ture at gamma ray telescopes such as Fermi-LAT [26] and 
the GAMMA-400 [28[ experiments. 
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